In the last decade, both the Irish landscape and construction industry has seen a dramatic increase in the number of commercial on-shore wind farm developments. Geotechnical field and laboratory based testing procedures play a critical role in the development, design and construction of wind farms. A comprehensive knowledge of the ground conditions and soil parameters prevailing across the development footprint are necessary to facilitate a site specific infrastructure and turbine foundation design; therefore, reducing associated construction risks and ensuring that an economic construction programme can be premeditated. This paper presents some geotechnical field and laboratory based procedures pertinent to both the development and design of commercial on-shore wind farms in Ireland. The various procedures are compared in terms of suitability of the test procedure for the soil type encountered and geotechnical design soil parameters derived. Although each geotechnical site investigation scheme is both an iterative and unique process, a phased approach relating to a rough peat moor land typically encountered across wind farm sites in Ireland is presented.
Introduction
In 2009, the Renewable Energy Directive (2009/28/EC) set renewable energy policy targets within the European Union (EU) specifying that 20% of all energy is to be obtained through renewable sources by 2020. Ireland's agreed target was set that 16% of gross final consumption of energy, which equates to approximately 40% gross electricity consumption, should come from renewable energy sources by this date. Since Ireland's first wind farm was constructed in 1992 until early 2012, a total on-shore renewable energy capacity of approximately 1,500MW has been installed. However, in order to meet the EU 2020 target a total additional installed renewable energy capacity of at least 3,100MW is required (IWEA, 2012) . It is expected that this additional energy requirement will come from a number of 'green' energy sources, including for example: off-shore wind; biomass; tidal; and solar. Nevertheless, on-shore wind farm developments will play a crucial role in ensuring that these targets are indeed adhered to and will help constitute a core element of Ireland's future economic growth -ensuring an independent, secure and reliable energy supply for future generations. However, significant challenges lie ahead for the on-shore wind industry in Ireland principally due to the following non-exhaustive list: the best available sites have already been developed and/or are under developer option; planning and environmental regulations are becoming more stringent; grid connection difficulties; anti-wind lobbying groups are increasing in both strength and frequency; and the size of wind turbine components are increasing (resulting in additional turbine access delivery issues). In order to both assess the potential feasibility of a new wind farm site and to ensure an efficient and cost effective design/construction process, it of upmost importance that all ground conditions and associated geohazards are fully identified, analysed and mitigated against for the entire project lifespan. This paper highlights the application of conventional geotechnical field and laboratory based procedures in relation to both the development and design phases of on-shore wind farm sites in Ireland. In addition, a phased approach detailing a typical geotechnical investigation procedure in an upland, peat moor land is presented.
Geotechnical Processes
Project Development Stage: In order to determine the feasibility of the wind farm development site, an early stage geotechnical assessment comprising of both a site reconnaissance survey and geotechnical desk study review should be conducted. The primary objectives of the desk study review are to evaluate the ground conditions based upon existing information and to plan the scope of the subsequent stages of investigation (EN 1997 (EN -2:2007 . Key geotechnical desk study considerations for review include, but are not limited to, the following: topography; previous/existing land use; hydrology and hydrogeology; utilities and services; mining and mineral potential; solid/superficial geology; unexploded ordnance; and site geomorphology. In Ireland, a large majority of upland wind farm development sites are underlain by a peat stratum of varying thickness; therefore, additional early stage development considerations analysing the risk of peat slides occurring within the development footprint should also be investigated. A Peat Slide Risk Assessment (PSRA) report should be carried out in accordance with the latest local guidelines (SEPA 2012 , Scottish Executive 2006 , Scottish Renewables et al, 2010 , and should provide an assessment of the peat stability conditions based upon the following quantitative and qualitative analysis: a desk study review of the existing literature and map information for the site area; a subsequent site reconnaissance exercise to identify any evidence of active, incipient or relict peat instability, as well as mapping ground conditions that may influence the stability of peat on-site; and a detailed infrastructure orientated peat probing exercise to map both the extent and geotechnical characteristics of the underlying peat. In addition, a Qualitative Risk Assessment (QRA) may be compiled to ascertain a numerical assessment of the potential risk of peat instability within the development footprint. This approach is based on a system where factors and influences are multiplied together to generate risk rating scores and corresponding qualitative relative risks (i.e. low, medium or high).
Results of the early stage geotechnical works should help infer both the turbine layout and on-site infrastructure design. Conversely, if the geotechnical risks are considered too high (i.e. substantial subsurface karstic environments underlie the site) an early stage strategic exit from the project may be advisable. In order to avoid major construction issues, but also to minimise the expenditure of clients and improve bottom line financial results of companies, it is of upmost importance that all potential major geohazards are identified and communicated at project feasibility stage.
Project Design Stage:
Once the development feasibility of the site is confirmed, an intrusive geotechnical site and subsequent laboratory based investigation should be carried out to inform all necessary soil parameters for infrastructure and foundation design purposes. The site investigation should be tailored in accordance with the preferred geotechnical design methods and should establish the detailed soil stratigraphy across the entire site. Tables 1 to 4 presented hereafter list some typical, representative geotechnical field and laboratory based procedures relating to the main soil types encountered across wind farm developments in Ireland i.e. Tables 1, 2, 3 and 4 relate to peat, coarse grained soils, fine grained soils and bedrock, respectively. For additional information regarding both the test procedures and geotechnical parameters noted hereafter the relevant ground investigation and testing standards should be consulted (EN 1997 (EN -2:2007 . In addition, to the procedures noted within Tables 1 to 4, the following points are noted:-• Groundwater monitoring should be carried out across the site to inform on: the depth, thickness, extent and permeability of water-bearing strata in the ground, joint systems in the rock, and the pore water pressure distribution; • Specimens for chemical testing (i.e. pH value, sulphates, chloride content etc.) should be sampled at regular agreed depth intervals within the exploratory holes to determine any aggressive ground conditions. Furthermore, if it is anticipated that some spoil material will be removed off-site, additional chemical testing should be prescribed to determine any specific landfill placement requirements; • Additional infrastructure specific peat works may be required once both the turbine layout and supporting infrastructure layout is confirmed; and • Once the preliminary choice of foundation method is confirmed, supplementary turbine specific site investigation works will most likely be required to confirm the foundation type and derive the pertinent geotechnical parameters for input into foundation analysis design programmes. Table 5 presented hereafter represents a typical, phased intrusive site investigation procedure relating to an upland peat moor land area in Ireland. However, it must be noted that, there are no hard and fast rules for determining the type, location and frequency of the intrusive exploratory locations and therefore, each wind farm site should be individually assessed by a competent geotechnical engineer in order to indentify all variations in ground stratigraphy.
Scoping Out an Intrusive Site Investigation Procedure

Case Study -Castlecraig Wind Farm, Co. Tyrone, Northern Ireland
The 23 Megawatt site comprised the development of ten turbines, approximately 4.5km of new access track, a construction compound and an electrical substation. Following the development stage works, and once the project was consented by the local Planning Authority, a site specific intrusive investigation procedure was specified to help provide all necessary soil parameters for infrastructure and foundation design purposes. The investigation procedure followed the recommendations outlined within 'Project Development Stage' in Table 5 . The intermittent spread of both trial pits and dynamic cone penetration tests along the footprint of the infrastructure helped determine: road formation depths; the suitability of subsoils for reuse; and provided geotechnical parameters for input into cut slope stability analysis. Soil infiltration (soakaway) testing was preformed within a representative number of trial pits at turbine base and at the substation locations to help infer in-situ soil permeability values. Geotechnical boreholes sunk at the centre of each consented turbine base location coupled with Multichannel Analysis of Surface Wave (i.e. P and S seismic wave determination) geophysical testing provided all pertinent geotechnical design parameters to aid the gravity base foundation design.
Summary and Conclusions
Geotechnical field and laboratory based procedures pertinent to the development of commercial on-shore wind farms in Ireland has been presented. The study highlights the application of conventional geotechnical field and laboratory based testing procedures in terms of the suitability of the test procedure for the soil type encountered and geotechnical design soil parameters derived. A comprehensive knowledge of the ground conditions and soil parameters prevailing across the development footprint are necessary to facilitate a site specific infrastructure and turbine foundation design; therefore, reducing associated construction risks and ensuring that an economic construction programme can be premeditated.
